This paper presents the first evidence that the Spring Loaded Inverted Pendulum (SLIP) may be "anchored" in our recently designed compliant leg hexapod robot, RHex. Experimentally measured RHex center of mass trajectories are fit to the SLIP model and an analysis of the fitting error is performed. The fitting results are corroborated by numerical simulations. The "anchoring" of SLIP dynamics in RHex offers exciting possibilities for hierarchical control of hexapod robots.
Introduction
We have recently reported on a prototype robot that breaks new ground in artificial legged locomotion [1] . Our shoe-box sized, compliant leg hexapod, RHex, travels at speeds better than one body length per second over terrain that few other robots can negotiate at all. RHex origins and construction are grounded in the interplay between biomechanics, controls, and engineering design that we have come to call "functional biomimesis." We aim to articulate broad principles with mathematically precise formulations of biomechanically observed fact and then translate these into specific design practices. This paper presents the first empirical evidence that our strategy to use a low degree in D. Rus and S. Singh, editors, "Experimental Robotics VII," p. 291-302, Springer-Verlag, 2001 .
of freedom mechanism as a "template" for a high degree of freedom task may be relevant and productive. Biomechanics research suggests that the Spring Loaded Inverted Pendulum (SLIP) functions as a sagittal plane template for all animal running [2] . Motivated by the success of Raibert's hoppers [3] that explicitly incorporate a physical SLIP in the working mechanism, we had previously begun to develop a theory to inform SLIP tuning [4] . We had also reported simulation evidence describing how the two degree of freedom SLIP template might be anchored in a four degree of freedom (all revolute) bipedal running model [5] . Adapting well-characterized methods developed at the UC Berkeley Polypedal lab to explore gait stabilization in animals and a model introduced in [1] , we now offer a preliminary characterization of RHex center of mass (COM) trajectories respecting which the presumed relevance of the SLIP model can be empirically tested.
The SLIP Template for Legged Runners
A template [6] is a low dimensional model of a robot operating within a specified environment that is capable of expressing a specific task as the limit set of a suitably tuned dynamical system involving some controlled (robot) and uncontrolled (environment) degrees of freedom. To "anchor" this low dimensional model in a more physically realistic higher degree of freedom representation of the robot and its environment, we seek controllers whose closed loops result in a low dimensional attracting invariant submanifold on which the restriction dynamics is a copy of the template. Examples of this idea at work in functioning robots include a series of batting machines that anchored a "Raibert vertical" template [7] in a one degree of freedom paddle robot (operating into a two degree of freedom environment) [8] and a three degree of freedom paddle robot (operating into a three degree of freedom environment) [9] . This same idea is used to control a recently reported brachiating robot [10] . In this section we review the manner in which a hierarchical controller can be devised to shape and then exploit the appearance of the SLIP template in morphologically distinct legged machines.
Hierarchical Control of a Virtual SLIP Monopod
Biomechanical evidence for the existence of a SLIP template in human runners [11, 12] naturally leads to the possibility of template based controller designs for legged locomotion. Toward this end, previous work [5] demonstrated an approximate embedding of a SLIP template in a planar 4 DOF leg with ankle, knee and hip joints (AKH), similar in morphology to a human leg.
The hierarchical control of AKH involves defining a virtual leg between the toe and the COM of the system. The joint control torques are then computed using a SLIP template prescribing the ground reaction force (and hence the acceleration of the COM) together with an approximate, virtual work based embedding. In consequence of this hierarchical decomposition, a high level SLIP controller can be used to regulate the speed and hopping height of the overall system. This approach to hierarchical design bears useful comparison to the notion of impedance control advanced by Hogan [13] and more recently introduced into the locomotion literature in the more specific form of "Virtual Model Control" by Pratt and colleagues [14] . This framework allows a user to program the robot's task in terms of a reference compliance imposed on a targeted part of the body. It is different from our approach in that the allowable reference models operate in the quasi-static regime, so, for example, running could not lie within the formal scope of the method. In contrast, the SLIP template provides an explicitly (hybrid) dynamical specification of the exchange between kinetic and potential energy that accomplishes the task at hand after transients in the many degrees of freedom unrelated to the task have died out. In this paper, we are concerned to find a means of effecting this "collapse of dimension" in the RHex mechanics.
Hierarchical Control of a Virtual SLIP Hexapod
We now describe two alternative approaches to hierarchical control for our hexapod. Both appeal to the SLIP template for the prescription of COM forces, but incorporate different anchoring mechanisms. The hexapod model we consider is a rigid body with six massless legs [1] . Two of the spherical leg freedoms -the radial length and one of the angles -are driven by passive springs and dampers, whereas the hip angle is torque actuated. Consequently, there are only six actuated joints, and the overall system has six degrees of freedom, all due to the rigid body.
Active Control
In principle, the force and torque acting on the hexapod rigid body can be determined using the equations of motion of the model [1] . Sufficient conditions for exact embedding of an arbitrary dynamical template can be developed from the invertibility of the dynamics. However, complete input invertibility generally cannot prevail in our system. The morphology of the system, the hybrid nature of the problem and the structure and number of the actuators (especially when not all legs are on the ground) do not yield full control over the six body degrees of freedom.
A simpler planar model, on the other hand, provides an exactly invertible plant, except for co-dimension one and two singularities. The model consists of a three degree of freedom planar rigid body, with six torque actuated massless legs, with the assumption that three or more legs are in contact with the ground during stance.
Preliminary numerical experience with this model suggests that choosing a "reasonable" stance posture affords inverse dynamics controllers that pass transversally through the kinematic singularities and give good SLIP trajectories. Moreover, the planar model is structurally very close to the spatial model. As a consequence, it seems likely that the inverse dynamics anchoring in the planar model can be readily extended to yield an approximate embedding of the SLIP template in the spatial hexapod model. Nevertheless, realizing the active template through inverse dynamics control suffers the traditional problems of all such approaches based on exact cancellations: the presumption of a perfect model; known parameters; and noise-free high bandwidth state information. It is not clear how effectively this exact embedding can be implemented in a physical platform in the face of the inevitable actuator, computational, and sensory limitations.
Passive Control
An alternative to active control relies on the passive dynamics of the system combined with low-bandwidth controllers to anchor the SLIP template. Demonstrating that this may be possible represents the chief concern of the paper as established in §3. Even with a very simple open-loop control strategy, our study reveals the presence of certain "sweet spots" in the RHex parameter space, wherein the SLIP emerges naturally. It is still unclear whether this respects the formal "anchored template" paradigm wherein the lower dimensional dynamics actually appears as an attracting invariant dynamical submanifold. However, experimental evidence revealing the template behavior in steady state from various different initial conditions suggests there are, indeed, operating regimes where the system trajectories are attracted to the low dimensional SLIP template dynamics. Further evidence for the SLIP template comes from numerical studies using SimSect -a simulation package developed by Saranli [15] . SimSect was devised to approximate the behavior of RHex by numerically integrating a set of simplified equations of motion which are expected to govern RHex's hybrid mechanical system. Currently, the same low-level controller as in RHex is implemented in SimSect. This makes SimSect an ideal test-bed for new control designs for RHex. Although an exact correspondence between RHex's and SimSect's parameter space has not yet been established, the simulation results in §3.4 lend credence to SimSect being a representative numerical approximation to RHex's dynamics.
Finding the SLIP in RHex's Motion
The central observations about cockroach locomotion that inform the design of the RHex prototype include: (i) that it operates via compliant legs; (ii) that its limb motions appear to be characterized by a strongly stereotypical "clock"; (iii) that it has a sprawled posture to enhance stability; and (iv) that the stabilizing controller must somehow be embedded in the very morphology itself. The impact of these observations for RHex are, indeed, directly apparent in the morphology and control approach that we have already reported. However, it is not obvious that we will find a SLIP in such a machine.
Data Collection, Experimental Setup and Procedures
In order to determine whether RHex passively anchors a SLIP, the ground reaction forces produced by RHex during locomotion were measured during 92 trials using two six-component force plates 1 . The force and torque signals were amplified 2 and each channel was recorded at 1000Hz by an analog to digital converter 3 . Each trial was also recorded by a high speed video camera 4 .
In our experiments, the robot started walking approximately two meters away from the force plates in order to allow the robot to settle into an approximate steady state motion upon encountering the plates. While the robot was in contact with the force plates no directional adjustment was made since this would otherwise have broken the open loop symmetry between the right and left leg motion profiles.
During the trials, four parameters were varied: leg type; ground material; robot mass; and forward speed. For a fixed set of parameters, the experiments were repeated between 4 and 8 times. The experiments started off with the slowest forward speed on the bare force plates with Delrin legs (stiffness κ ≈ 4300N/m). Then the speed was increased in three steps by choosing different cycle times 5 (t c ∈ {1.2s, 0.8s, 0.53s, 0.5s}) without changing the physical structure. To reduce bounce and slippage, which was observed especially at high speeds, the surface of the force plates was then covered with an elastic foam mat, and the same speed sweep with the Delrin legs was performed. In the second round of the experiments, a new 4-bar linkage composite leg design (κ ≈ 3100N/m) was used in conjunction with a similar speed sweep on both the bare force plates and the plates covered with the foam mat. Our preliminary observations during the first two trial runs suggested that the COM of the body behaves more like an inverted pendulum (IP) rather than a spring loaded inverted pendulum (SLIP). We reasoned that the leg-body system, which defines an overall lumped spring-mass system, has a much higher natural frequency than the stride frequency achievable by the hip actuators. In order to test this hypothesis, in the third round of the experiments, the body mass was increased, effectively decreasing the natural frequency of the spring-mass system. We ran the robot with composite legs at the highest speed setting on the elastic mat. Its mass was increased incrementally from 7.83kg to 9.47kg to 11.12kg to 11.94kg. In the highest mass regime we observed the transition from IP to SLIP reported below.
Data Extraction
The data plotted in Fig. 1 arise from the summed leg or COM ground reaction forces imparted to the legs by the ground plate while the robot performs an alternating tripod gait. To remove noise from the recorded data, the forces were filtered using a second order Butterworth filter with a cutoff frequency of 50Hz. The minima of the vertical force data were used to isolate single strides. Since a stride is a complete cycle for all the legs, it contains two steps for each tripod and therefore two minima. Only strides from the middle section of the data for one force platform -where the force data exhibited oscillatory behavior of one predominant frequency and roughly constant amplitude -were selected. Only those trials where the maximum of the power spectrum P (f ) occurs at twice the cycle frequency 6 f c = 1/T c were used, in rough accord with the criterion established in [16] to distinguish walking from running. 7 These criteria reduced the number of available trials to be used for SLIP fitting from 92 to 14. Since the force platform is very narrow with respect to the width of RHex and only those trials for which RHex stayed on the track were recorded, the lateral force data are not used in this investigation.
8 This restriction respects the intended limitations on our scope of analysis in this initial study to the saggital plane only.
Unfortunately, the camera's resolution was not good enough to provide integration constants for vertical and fore/aft speeds and positions at the beginning of each stride, required for our fitting study. Instead, the initial vertical speed is indirectly obtained from the assumption of periodicity -namely, that after one stride, the robot returns to its initial height. Similarly, the fore/aft initial speed is calculated by matching the average velocity over one stride to the average velocity over both force plates. The initial height is assumed to be at RHex's static equilibrium with all legs vertical to the ground (0.164m).
Data Analysis
The SLIP template imposes a very particular set of relationships -those specified by the Lagrangian mechanics of a single point mass prismatic-revolute (i.e., polar coordinate) kinematic chain between the ground reaction forces, motion of the COM, and system energies. Ruina has pointed out [19] that any convex curve supports in a neighborhood of its vertical minimum at least one time varying trajectory generated by some SLIP. RHex's COM inevitably rides along a convex curve: we wish to understand whether its actual time trajectory along this curve can be readily generated by some SLIP model.
A Protocol for Fitting SLIP to RHex's Running Data
The 14 remaining trials that satisfy the criteria in §3.2 are now used to test the presence of the SLIP template in RHex according to an adaptation of the methodology introduced in [11] . For each of the 136 steps (68 strides) in the 14 trials, a SLIP model is fit using ordinary least squares regression. Fitting a SLIP model to these data is not entirely straightforward: since RHex did not 7 Specifically, the ratio of the integrated power spectrum around the maximum to the total integrated power spectrum was required to satisfy (
where was appropriately chosen to include the global maximum alone. 8 The magnitude of the lateral forces is comparable to the one for the fore/aft forces. A complete template should incorporate lateral forces, see e. g. [17] or [18] .
exhibit any flight phase, the touchdown and lift-off points are not defined. In contrast, if the anchoring hypothesis has any validity, then the region around a bottom should be well described by a SLIP stance phase. Absent a specific model for determining the limits of this region, we adopt the ad hoc condition determined by the point of zero crossing of the vertical COM force.
9
Fitting data to this central force model requires knowledge of the center of pressure (the pivot point of the virtual SLIP), which could not be determined with our experimental equipment. As a reasonable work-around, we assume that the center of pressure lies directly below the vertical minimum. This in turn, implies that the SLIP model operates at equilibrium on a "neutral orbit" [3, 11] characterized by this symmetry. However, the measured force data are not perfectly periodic, hence the integrations to yield velocity and position are necessarily not periodic, either. Notwithstanding this slight conceptual conflict, we see no better method for selecting the nominal center. These assumptions in force, the data population for SLIP fitting can be restricted to range only from a vertical minimum to the next zero crossing of the vertical force.
Given a COM trajectory fragment, {b(t),ḃ(t),b(t)}|
tN =T lif tof f t0=T bottom , the COM position 10 b = (y z) and accelerationb are fitted to a Hooke spring law with unknown spring length 11 q r0 and spring stiffness κ:
where κ = κ 2 and q r0 = κ1 κ2 . Note that this model is linear in parameters so that ordinary least squares applies directly.
The assessment of the quality of the fit proceeds in two steps. First, a SLIP simulation over the same period of time as the data trajectory is run with the values of κ and q r0 obtained in the first step. The initial conditions are taken to be the positions and velocities of the data trajectory at the minimum. Second, the resulting SLIP trajectories z SLIP ,ż SLIP , y SLIP ,ẏ SLIP are compared to the data trajectories by L 1 and L 2 percent errors:
where Range(X) = |max(X) -min(X)|. Here,
In an effort to simplify the assessment of the fitting error, the quality of the fit is reported as a single number -the average L p percent error ∆ Lp = (∆z Lp + ∆y Lp + ∆ż Lp + ∆ẏ Lp )/4.
9 Presumably, the phase interval corresponding to flight in the simple SLIP template must be replaced with an appropriately more complex (but still low dimensional) model. Since we have not yet developed this model, we rely on the ad hoc termination criterion. 10 In this notation, z gives the co-ordinates in the vertical direction and y gives the coordinates in the fore/aft direction relative to an inertial frame located at the center of pressure.
11 Fitting the spring length q r0 alleviates the arbitrariness of selecting the equivalent liftoff point for RHex data, because now the zero crossing of the vertical COM force need not correspond to the lift-off point of the fitted SLIP model. 
of y(t),ẏ(t),ÿ(t), z(y), z(t),ż(t),z(t)
, and q(t) = y 2 (t) + z 2 (t) (dotted lines) are plotted together with the SLIP predictions computed with the fitted stiffness κ and spring length q r0 . The worst SLIP fit with ∆ L2 = 21.6% is shown in Fig. 2(a) , in contrast to ∆ L2 = 0.3% in Fig. 2(b) .
As an internal consistency check, we introduce a simple form of cross validation: The available COM trajectory components X ∈ {z, y,ż,ẏ} each comprising a time sampled fragment of length N are partitioned by r = N/20 , sub-sampling them into a fitting population X . In addition to the L 1 and L 2 errors that compare the experimental data to fitted SLIP predictions, experimental measurement errors introduce noise into the data. To evaluate the quality of fit, one must compare the relative noise floor, δX/Range(X) to the L 1 fitting errors. The noise floor comes from two sources: the measurement error of the ground reaction forces, and the uncertainties of the integration constants for the velocity and position trajectories. In Table 1 the estimated relative noise floors for the z, y,ż,ẏ trajectories are averaged over each stride.
Evidence for SLIP in RHex Running
The fitting protocol outlined in the previous section is now applied to all 136 steps 12 . For the sake of brevity, we refrain from listing the fitted parameters and the fitting errors for each step. Instead, average values over all steps are calculated together with the standard deviation. The mean fitted stiffness is κ = (6100 ± 940)N/m, and the mean fitted relaxed spring length is q r0 = (0.171 ± 0.007)m. The results of the error analysis are listed in Table 1 . Table 1 . Error analysis of SLIP fitting to 136 steps.
The average ∆ L2 error of ≈ 7% seems to be remarkable for a mechanical device that a priori bears to resemblance to a SLIP model. The L 1 average percent errors are all similarly low, except for theẏ fits, which are corrupted in part by the high noise floor (see discussion at the end of §3.3.1) and in part by real discrepancies with the putative model, for example, as depicted in Fig. 2 . Since the component-wise L 1 errors are considerably above the noise floor, and since the L p fitting and cross validation errors are comparable, there is little concern that we are merely fitting to noise.
The question naturally arises why we only present fitting results for the decompression phase interval of the COM data instead of the whole compressiondecompression phase interval between the zero-crossings of the vertical force. After all, this alternative would serve as a test of our neutral orbit assumption (see §3.3.1). Indeed, the fitting errors for the compression phase interval are of comparable magnitude to the ones for decompression above. However, the fitted spring stiffness is higher and its standard deviation over all 136 steps is twice as large as compared to the decompression phase interval study reported here. An explanation might be the more frequent occurrence of "double stance" (more than 3 legs on the ground) during compression than decompression. This is in fact observed in sample SimSect simulations. As double stance events alter the dynamics of the robot, we single out the decompression phase interval of the COM data as the likeliest candidate of the trajectories for the validation of the SLIP model.
Supporting Numerical Study

SLIP Fitting in SimSect
The previous sections suggest that the SLIP model provides a good low dimensional approximation to the "stance" dynamics of RHex. In this section, we describe a parallel numerical investigation of SimSect simulations to determine the "sweet spots" wherein the hexapod might actually be presumed to anchor the SLIP. Specifically, we show that SLIP-like behavior of the mechanical system modeled by SimSect occurs in specific ranges of SimSect's parameter space.
In order to compare the SLIP fitting results from SimSect to those from RHex experiments, the same decompression phase interval as in §3.3.1 is used for fitting. 13 Only those runs where exactly 3 legs of the same tripod are on the ground at the vertical minimum were considered to be acceptable; this was inspired by the assumption that the jointly controlled three legs, which constitute a tripod, can be thought of as a virtual SLIP leg and reflects our experimental experience. As an additional filter, only those simulations which exhibit periodic behavior after a certain amount of time are used for fitting to the SLIP model.
The simulations are run for a fixed set of physical parameters (e.g. total mass, moments of inertia, etc.) and initial conditions, whereas the control parameters sweep angle, cycle time, and leg offset 14 are varied in certain ranges described below. The flight time is chosen to be ≈ 0.4 the cycle time in order to match the highest speed setting for RHex. With force, velocity, and position data from SimSect simulations, the fitting procedure is carried out as in §3.3.1.
Fitting Results
Although SimSect is modeled with many simplifications respecting the actual robot, RHex's main dynamical features are believed to be incorporated in SimSect. Hence the SimSect simulations were run in parameter regimes that include the high mass, high speed regimes of RHex where good SLIP fits could be obtained. In particular, with total mass m = 11.9kg, sweep angle= 0.44 . . . 0.76rad, cycle time=0.42 . . . 0.54s, leg offset=0 . . . − 0.15rad, and individual leg stiffnesses κ ≈ 2700N/m, SLIP like behavior could be found in SimSect, too. This is demonstrated in Fig. 3 , which shows -on the left side -a histogram of the number of simulations from the above listed parameter range with respect to the average L 2 error, ∆ L2 . The total number of simulations is reported above the histogram. For comparison, a two-parameter exponential distribution is fit to the histogram bins. On the right side a graph shows the average L 2 error ∆ L2 as a function of two of the four control parameters: cycle time and sweep angle. The flight time is kept proportional to the cycle time and only a small dependence of ∆ L2 on the leg offset was observed.
Instead of a scatter plot, a quadratic surface is fit to the data, and the spread of the data is characterized by its second moment around the surface, which is represented by vertical bars at the corners of the surface. For all SimSect simulations the ratio of the average fitting to the average cross validation error ∆ L2,f it /∆ L2,cross did not deviate by more than 10% from unity, thus providing a successful self-consistency check for our fitting procedure. The results in this section, in particular the low average fitting errors of ≈ 6% in Fig. 3 lend strong support to the presumption that the SLIP template may be anchored in SimSect's dynamics.
